Human PREP1, a novel homeodomain protein of the TALE super-family, forms a stable DNA-binding complex with PBX proteins in solution, a ternary complex with PBX and HOXB1 on DNA, and is able to act as a co-activator in the transcription of PBX-HOXB1 activated promoters (Berthelsen, J., Zappavigna, V., Ferretti, E., Mavilio, F., Blasi, F., 1998b. The novel homeoprotein Prep1 modulates Pbx-Hox protein cooperatity. EMBO J. 17, 1434-1445; Berthelsen, J., Zappavigna, V., Mavilio, F., Blasi, F., 1998c. Prep1, a novel functional partner of Pbx proteins. EMBO J. 17, 1423EMBO J. 17, -1433). Here we demonstrate the presence of DNA-binding PREP1-PBX complexes also in murine cells. In vivo, PREP1 is a predominant partner of PBX proteins in various murine tissues. However, the choice of PBX family member associated with PREP1 is largely tissue-type specific. We report the cloning and expression domain of murine Prep1 gene. Murine PREP1 shares 100% identity with human PREP1 in the homeodomain and 95% similarity throughout the whole protein. In the adult mouse, PREP1 is expressed ubiquitously, with peaks in testis and thymus. We further demonstrate the presence of murine Prep1 mRNA and protein, and of different DNA-binding PREP1-PBX complexes, in mouse embryos from at least 9.5 days p.c. Moreover, we show that PREP1 is present in all embryonic tissues from at least 7.5-17.5 days p.c with a predominantly nuclear staining. PREP1 is able to superactivate the PBX-HOXB-1 autoregulated Hoxb-1 promoter, and we show that all three proteins, PREP1, PBX and HOXB-1, are present together in the mouse rhombomere 4 domain in vivo, compatible with a role of PREP1 as a regulator of PBX and HOXB-1 proteins activity during development.
Introduction
Drosophila extradenticle (EXD) and its mammalian counterpart PBX play important roles in regulating the specific activity of homeotic selector proteins, HOM-C and HOX, as shown by both biochemical and genetic experiments (Peifer and Wieschaus, 1990) . In mammals, PBX1 was originally discovered in human pre-B acute lymphoid leukaemia (pre-B ALL) as a C-terminal fusion to the 483 amino terminal residues of the Igk enhancer-binding protein E2A (Kamps et al., 1990; Nourse et al., 1990) . PBX1 and its family members form heterodimers with various HOX proteins, in the presence of target DNA sequence. PBX-HOX dimers are able to activate transcription from these sequences, as shown by co-activation of the autoregulatory element of the Hoxb-1 promoter (b1-ARE) in rhombomere 4 of the developing hindbrain (Popperl et al., 1995; Di Rocco et al., 1997) . This is similar to what happens in Drosophila between EXD and the regulators of the Homeotic selector gene products (HOM-C) (Chan et al., 1994; Rauskolb and Wieschaus, 1994) . Formation of the PBX-HOX heterodimer requires the presence of both homeodomains, a stretch of 20 amino acids C-terminal to the PBX homeodomain and a conserved pentapeptide of the HOX proteins, N-terminal to the homeodomain (see Mann and Chan, 1996 for review).
Recently, other homeodomain containing proteins have been identified that are able to form complexes with PBX and EXD in the absence of a DNA target, through amino acids sequences different from those engaged in the PBX-HOX (or EXD/HOM-C) complex. These proteins include Drosophila homothorax (HTH), its vertebrate ortholog MEIS and the human protein PREP1, which is identical to the product of the Pknox1 gene (Chang et al., 1997; Knoepfler et al., 1997; Rieckhof et al., 1997; Berthelsen et al., 1998b,c; Kurant et al., 1998; Pai et al., 1998) . In Drosophila, HTH functionally interacts with EXD, and together they act as a co-factor for HOM-C genes during development (Rieckhof et al., 1997; Casares and Mann, 1998; Kurant et al., 1998; Pai et al., 1998) . In addition, MEIS can directly interact with posterior, but not anterior, HOX proteins, forming a DNA-binding complex on MEIS binding sequences, which adds to the complexity of how these proteins regulate the action of homeotic gene products (Shen et al., 1997) .
PREP1 shares homology with MEIS proteins within the homeodomain and in two amino terminal regions that we have termed HR1 and HR2 (Berthelsen et al., 1998c) . HR1 and HR2 bind the N-terminal region of PBX, and are essential for PREP1-PBX heterodimerization, which in turn is required for DNA binding (Knoepfler et al., 1997; Berthelsen et al., 1998b) . The PREP1-PBX complexes have been identified because they are very stable, bind very tightly to the enhancer of human urokinase enhancer and can be purified by DNA-affinity chromatography (Berthelsen et al., 1996) . Formation of a PREP1-PBX complex drastically increases the DNA-binding affinity of both subunits, and also broadens the DNA target selectivity of PBX to include sequences containing the TGACAG sequence (Berthelsen et al., 1998c ), a sequence not identified by the PBX-HOXB1 complex. In addition, the PREP1-PBX complex also binds with similarly high affinity to PBX-HOX responsive sequences, PRS, like TGATTGAT (Knoepfler et al., 1997; Berthelsen et al., 1998c) . Because of the different dimerization interfaces involved, PREP1-PBX and PBX-HOX complexes are not mutually exclusive: indeed, a DNA-binding PREP1-PBX-HOXB1 ternary complex can be formed in vitro in the presence of the PRS-like target. In vivo, cotransfection of Prep1 cDNA increases the PBX-HOXB-1 activated transcription from the B1-ARE site of the Hoxb-1 promoter (Berthelsen et al., 1998b) .
We have isolated murine Prep1 cDNA, and analysed Prep1 expression in adult and embryonic mouse. We observe ubiquitous expression of Prep1, both in developing as well as in adult mice. PREP1 is always found in a DNAbinding complex with a member of the PBX protein family, the identity of which varies among different tissues, and during embryogenesis. We further find that PREP1, PBX and HOXB-1 co-localize in early development, which is compatible with a role of PREP1 as a regulator of PBX-HOX interaction and function.
Results

Murine PREP1 is found in DNA-binding complexes with PBX proteins
Human cells nuclear extracts contain DNA binding PBX-PREP1 complexes (Berthelsen et al., 1998b) . These complexes bind the TGACAG recognition sequence of the human urokinase enhancer (oligonucleotide o-1, see Methods), in addition to PBX-recognized sequence (PRS) motifs (Berthelsen et al., 1996 (Berthelsen et al., , 1998b Knoepfler et al., 1997) . Two retarded complexes, upper complex (UC) and lower complex (LC) have been characterized in HeLa nuclear extracts. The UC has been shown to be a PREP1-PBX2 heterodimer, while LC corresponds to a PREP1-PBX1B heterodimer (Berthelsen et al., 1998c) . Reconstituting PREP1/PBX complexes in vitro, further showed that the mobility of PREP1-containing DNA-binding complexes in EMSA depends on the PBX isoform bound. We have tested if the same kind of DNA-binding activities were also present in murine cell extracts. Fig. 1A shows that murine NIH3T3 nuclear extract forms two retarded bands with a labelled o-1 oligonucleotide, migrating similarly to HeLa PREP1-PBX complexes. Binding is specific since excess unlabelled o-1, but not mutated form (o-1m), competes for binding. Formation of both complexes is strongly inhibited by antibodies to human PREP1 (aPREP1). These antibodies are specific for PREP1 and do not recognize the homologous MEIS proteins, nor do they inhibit DNA-binding of complexes not containing PREP1 (Berthelsen et al., 1998c) . Pre-immune serum (PI) has no effect on binding. Thus, like in human cells, mouse fibroblast cells also contain DNA-binding complexes PREP1.
To analyse the tissue-specific distribution of PREP1 in adult mice, we prepared nuclear extracts from several mouse tissues, and analysed these for DNA-binding. We found PREP1-containing DNA-binding complexes in nuclear extracts of essentially all adult mouse tissues (Fig.  1B) , although the intensity of binding varies when normalized for binding activity of the ubiquitous nuclear factor SP1 (Fig. 1B, lanes o-sp1) . Binding activity is particularly high in testis and thymus, and low in liver, lung and heart and skeletal muscle. While PREP1-containing complexes are present ubiquitously, different ratios of the two retarded complexes, UC and LC, are observed in different tissues. In some tissues (thymus, spleen) only the slow migrating form (UC) is detected, along with non-specific complexes. In other tissues we observe both complexes, either with predominant UC (brain, cerebellum, medulla oblongata, testis) or with equal intensity (muscle, heart, liver). In all samples, the specificity of binding is demonstrated by coincubation with anti-PREP1 antibodies, which abolishes the formation of both UC and LC.
The observed differences in UC/LC ratios likely reflect a differential expression of the PBX components in various tissues. To further investigate the nature of the PREP1-containing complexes in murine tissues, we have analysed the subunit composition of UC and LC in brain and testis extracts ( Fig. 2A ; tissues predominantly showing UC), and in lung and heart extracts (tissues containing equal UC and LC intensities), using antibodies specific for the different PBX family members (Fig. 2B ). All the antibodies employed in this study have previously been extensively characterized for their specificity (Berthelsen et al., 1998c) . In nuclear extracts from adult mouse brain, the predominant UC form is inhibited by anti-PREP1 antibodies and by antibodies (aPBX1/2/3) recognising only the 50 kD splice product of all PBX genes (PBX1A, PBX2 or PBX3A), suggesting that the complex contains PREP1 with any of PBX1A, PBX2 or PBX3A. More specifically, PBX1-specific antibodies (aPBX1) inhibit almost all binding, while antibodies recognising PBX2 (aPBX2) or PBX3 (aPBX3) apparently have no effect on binding. These data suggest that, in the brain, the complex is predominantly a PREP1-PBX1A heterodimer. This is in agreement with previous data that PBX1 is the predominant PBX-form in rat brain tissue (Monica et al., 1991) . In contrast, in testis extracts we observe that the specific UC complex is inhibited by aPREP1, and partly by aPBX1 and aPBX2 antibodies ( Fig. 2A) , but not by aPBX3, suggesting complexes of PREP1-PBX1A and PREP1-PBX2. In addition, the weak LC is fully inhibited by aPBX1, showing a PREP1-PBX1B complex. In heart extracts, the UC is partly inhibited by both aPBX1 and aPBX2 antibodies, while LC is fully inhibited by aPBX1 antibodies, indicating complexes of PREP1 with PBX1A, -1B or PBX2. In lung, (Fig. 2B ) the UC and LC complexes are both partly inhibited by any of aPBX1, aPBX2 or aPBX3 antibodies, and only fully inhibited by incubation with all three antibodies simultaneously, showing, besides PBX1 and PBX2, also complexes of PREP1 with PBX3A and -3B. To rule out the possibility that the appearance of UC and LC in mouse depends on different isoforms of PREP1, we performed immunoblot analysis on different tissue extracts with anti-PREP1 antibodies. In all cases we observed one band, co-migrating with human (HeLa) PREP1, of 64 kDa (Fig. 2C) . In brain and testis extracts we observe several faster migrating complexes, that seem non-specific as they are not inhibited by antibodies (Fig. 2) , and are not competed by excess cold specific oligonucleotide (not shown). In conclusion, our data show that PREP1-PBX complexes are present in all tissue analysed. However, we observe a tissues-type dependent subunit composition of the PREP1-PBX complex, in which the PBX components of the complexes differ between various tissues.
Structure of murine Prep1 cDNA
To further characterize murine PREP1, we cloned its cDNA. For this, we designed degenerated primers, corresponding to the homeobox of the human Prep1 cDNA, employing the more frequently used murine codons (Fig.  3A , primers A and D; see Methods). Since PREP1-containing complexes are present in NIH3T3 nuclear extract (see above), we used a first strand cDNA library made from PolyAplus mRNA isolated from NIH3T3 cells, to amplify a fragment of 50 bp by RT-PCR, and employed this sequence to design two nested primers (F1, F2), used in 3′ RACE-PCR on the same cDNA. This yielded a fragment of 300 bp, the sequence of which showed a 98% nucleotide sequence homology to the corresponding human Prep1 cDNA. The 300-bp fragment was used as a probe to screen a murine embryonic cDNA library (14.5 days p.c.), and this led to the isolation of two overlapping cDNAs of 2.4 and 3.4 kb (Fig. 3A) . The clone contains 143 nucleotides of 5′ untranslated region (UTR), after which an ATG start codon is followed by a 1350 nucleotides open reading frame (ORF), encoding for a 435 amino acid residues protein. After the stop codon, the clone continues with at least 1971 bp of 3′ UTR. Besides high sequence similarity between the ORFs of human and murine Prep1, also the overall structure of the two cDNAs resembles one another with a short (125 vs. 143 nt) 5′ UTR, and a long (2 kb) 3′ UTR. Fig. 3B compares the predicted amino acids sequence of murine PREP1 with that of human PREP1, and with the closest resembling members of the TALE super-family of proteins: murine MEIS1A and MEIS1B, Drosophila HTH, and C. elegans CEH-25. Human and murine PREP1 share 100% homology in the homeodomain, and overall we find 21 changes in the 435 residues, and one single residue deletion; 10/21 of the changes are conservative substitutions; overall there is a similarity of 97% between the two proteins. The N-terminal contains the two MEIS homology regions, HR1 and HR2, previously identified in human PREP1 (Berthelsen et al., 1998c) . These are the regions essential for binding of MEIS1 and PREP1 to PBX (Knoepfler et al., 1997; Berthelsen et al., 1998b) . These homology regions are also conserved in Drosophila HTH (Fig. 3B) . 
Prep1 is expressed ubiquitously in adult mouse tissues
The appearance of active, DNA binding PREP1-PBX complexes as judged by EMSA analysis, depends upon the simultaneous presence of both PREP1 and PBX proteins. To analyse the expression pattern of Prep1 independently of Pbx, we used the murine Prep1 cDNA to measure the levels of mPrep1 in murine tissues. Northern-blot analysis on total RNA, purified from different adult murine tissues using a complete Prep1 cDNA, did not give a reliable signal due to the low expression of Prep1 (not shown). We therefore employed the more sensitive RNAase protection assay. Total RNA from adult mouse tissues was assayed using a fragment of 210 bp of mPrep1 cDNA located 3′ to the homeobox region as a probe. The presence of a 210 bp protected fragment indicates expression of mPrep1 mRNA. In all cases we used b-actin as internal control. The multiple bands observed probably depend on the presence of a polyA stretch within the riboprobe, which is susceptible to RNAse cleavage. Alternatively, the multiple bands may represent protection of different isoforms of Prp1. This possibility is, however, unlikely, as during all our previous analysis including Northern and Southern blots, mapping by FISH and genomic and cDNA cloning, we have only seen one Prep1 gene isoform (Berthelsen et al., 1998a and unpublished results) . We find that Prep1 is expressed in all adult mouse tissues analysed, however, with greatly varying levels (Fig. 4A) . Prep1 is highly abundant in testis and young thymus, low in skeletal and heart muscle and medium in other tissues. Interestingly, the Prep1 mRNA expression pattern and levels reflect the levels of PREP1-PBX DNAbinding activity, as shown above (Fig. 1B) , suggesting that either PREP1 is the limiting factor in PREP1-PBX complex formation, or that PREP1 and PBX proteins are expressed at similar levels in various tissues.
Analysis of the developmental expression of PREP1 and of PREP1-PBX-containing complexes
Since PREP1 potentially is a regulator of PBX proteins, and hence of the activity of HOX gene products during embryogenesis, it became important to determine the presence and levels of these proteins at various stages of development. We therefore employed the RNAase protection assay to determine the levels of mPrep1 mRNA in total embryos taken at different stages of development, from 9.5 to 17.5 d.p.c. (Fig. 4B ). Prep1 mRNA is present from at least 9.5 d.p.c. and is expressed throughout development until at least 17.5 d.p.c. The expression remains constant from 10.5 d.p.c.
We also tested the presence of PREP1 proteins by immunoblotting analysis of embryo nuclear extracts. Anti-PREP1 antibodies identify a protein of approximately 64 kDa, comigrating with human PREP1 (Fig. 5A) . The level of PREP1 remains constant during mouse development from 10.5 to 15.5 d.p.c., confirming the RNAse protection data.
We extended this analysis to also test the levels of the various forms of the PREP1 dimerization partners, the PBX proteins, using anti-PBX antibodies on the same embryonic extracts. Bands of 50 kD (PBX1A) and 40 kD (PBX1B) are observed with PBX1-specific antibodies (aPBX1), while aPBX2 identifies a 50 kD form. Unlike PREP1, PBX appears to be regulated during embryogenesis. PBX1A and -1B are clearly present at 10.5 and 12.5 d.p.c., but decline at later stages below detection limit. PBX1 most likely does not disappear, since PBX1-containing complexes can be seen by EMSA at later stages (see below). In fact, in immunoblotting the aPBX1 antibody is unable to detect the levels of PBX1B present in HeLa cells (Fig. 5A , Lane 1) (Berthelsen et al., 1998c) . PBX2 on the other hand, follows a rather constitutive pattern, present at similar levels at all stages. The aPBX3 antibodies did not detect any PBX3, at any time point (not shown). Immunoblotting with anti-SP1 antibody is shown for comparison.
We next tested whether PREP1, as in the adult mouse tissues, is associated with PBX proteins also in embryo extracts. DNA-binding complexes were analysed by EMSA analysis on nuclear extracts isolated from total embryos of different stages of development (9.5-15.5 d.p.c.). At all stages, the extracts give rise to two retarded UC and LC (Fig. 5B) , co-migrating with those of HeLa cells. Both complexes contain PREP1, as shown by inhibition by anti-PREP1 antibodies. The binding intensity increases somewhat from day 12.5, as compared with binding of SP1. Using PBX-specific antibodies, we identified the members of the PBX family associated with PREP1 in nuclear extract from embryos of 12.5 d.p.c. aPBX1 antibodies inhibit all LC and half of UC binding. aPBX2 antibodies inhibit half of UC. Together aPBX1 and aPBX2 inhibit all binding, suggesting that the complexes are composed of PREP1-PBX1A, PREP1-PBX1B and PREP1-PBX2 (Fig.  5C ).
PREP1 is expressed ubiquitously in mouse embryos
The spatial localization of PREP1 in the whole mouse embryo at E 10.5 was determined by immunohistochemistry (Fig. 6B) . PREP1 is present ubiquitously in the embryo (Fig.  6B) . We find PREP1 signal in the mandibular component of the first branchial arch, in the epatic primordium, in midgut, in the lung bud. In addition, PREP1 staining is observed in the neuronal tissue, brain, hindbrain, spinal cord and weakly in the heart. The immunostaining appears specific, as it does not occur with the pre-immune serum (PI, Fig. 6C) . A similar ubiquitous localization of PREP1 was detected by immunohistochemistry from 7.5 to 17.5 d p.c.-mouse embryos (data not shown). As a positive control we used an antibody against the murine HOXB-1 protein. This protein is expressed only in the rhombomere-4 of the developing hindbrain. Indeed our anti-HOXB-1 antibodies stain rhombomere-4 by immunohistochemistry (Fig. 6A ).
In conclusion, we find that PREP1 is ubiquitously expressed in embryogenesis, that it appears at least from day 7.5 p.c. and that is found in a functional (DNA-binding) complex with PBX. While PREP1 seem to be constantly expressed, the level and the composition of PREP1-PBX complexes may vary, due to regulated expression of the various PBX proteins during embryogenesis.
PREP1 is co-localized with PBX and HOXB-1 in mouse embryos
The above observations indicate that PREP1-PBX complexes are present in the embryo at stages in which PBX proteins functionally interact with HOX gene products, specifying their DNA-binding, and thus regulating, activity. For example, HOXB-1 expression in rhombomere-4 depends on interaction between PBX and HOXB-1 itself, and on their co-operative binding to an autoregulatory element (b1-ARE) of the Hoxb-1 promoter (Popperl et al., 1995; Di Rocco et al., 1997) . We have previously shown that, in vitro, PREP1 can form a ternary complex with PBX and HOXB1 on the b1-ARE element. Formation of the ternary complex super-stimulates transcription from the Hoxb-1 promoter in transfection experiments (Berthelsen et al., 1998b) .
A minimum requirement for a functional activity of such a ternary complex is that the Prep1, Pbx and Hoxb-1 genes are expressed in the same parts of the embryo. We have therefore performed immunohistochemical experiments to test whether the location of the PREP1, PBX and HOXB-1 proteins in developing embryos is compatible with the formation of such a ternary complex in vivo. In particular, we have tested whether PREP1, PBX1 and PBX2 are present in rhombomere 4, where HOXB-1 is expressed. As shown in Fig. 6 , rhombomere 4 in E 10.5 embryos is identified with HOXB-1 antibodies (panel D,E). In parallel sections we find that PREP1 (F,G), PBX1 (H,I) and PBX2 (J,K) are ubiquitously expressed in the hindbrain and thus also in rhombomere 4. In the pre-immune control (L,M) these section are not stained.
Discussion
HOX/HOM-C are DNA-binding proteins that regulate segment-specific morphology. Even though this must require a cascade of gene activation, HOX target genes are mostly unknown. In fact, the homeobox of the HOX proteins binds DNA with a low degree of affinity and specificity. EXD/PBX proteins are cofactors of HOX proteins that can drive them to specific target sequences by increasing their DNA-binding affinity, as well as selectivity. Mutants in the exd gene display homeotic transformation without a concomitant alteration in the expression of HOM-C homeotic-genes. The identification of proteins like PREP1, MEIS1, and HTH, that regulate PBX/EXD activity (Chang et al., 1997; Knoepfler et al., 1997; Rieckhof et al., 1997; Berthelsen et al., 1998b,c; Pai et al., 1998) , adds to the complexity of the system. In fact, of these at least PREP1 is also able to influence the activity, not only of free PBX but also of HOX-PBX complexes (Berthelsen et al., 1998b) .
PREP1 interacts with PBX proteins through the two regions, HR1 and HR2, which are conserved also in MEIS and HTH, realising a novel type of dimerization interface (Knoepfler et al., 1997; Berthelsen et al., 1998b) . Hence, even though PREP1 does not bind HOX proteins directly, it can interact with PBX-HOX complexes forming a ternary PREP1-PBX-HOXB-1 complex on DNA targets (Berthelsen et al., 1998b) . Under conditions in which the ternary PREP1-PBX-HOXB1 complex can be formed, the presence of PREP1 increases the PBX-HOXB1 dependent transactivation through the Hoxb-1 autoregulatory b-1ARE element (Berthelsen et al., 1998b) .
The use of the EMSA analysis has shown that PREP1 is present in the nucleus in association with one or more of the members of the PBX family in all tissues analysed. While PREP1 thus seems ubiquitously present, the tissue-type dependent choice of PBX partner could confer diverse activity of the complex. So far, no differential activity of the various PBX family members has been described, while the products of the two splice variants of Pbx1, PBX1A and -1B, show differential activity together with HOX proteins (Di Rocco et al., 1997) . The PREP1-PBX complex is involved in the regulation of several promoters (Berthelsen et al., 1996) , but the activity of the various PREP1-PBX complexes in these promoters remains to be analysed.
We have isolated the murine Prep1 clone and analysed its pattern of expression. The cDNA sequence data show that PREP1 and MEIS share sequence homology essentially only in the homeodomain and in the PBX-interaction domains (HR1 and HR2) at the N-terminus. Both mRNA and immunoblotting data show that PREP1 is expressed ubiquitously (although with peaks in certain organs) in the adult mouse. Thus, in adult mouse tissues, PREP1 is a predominant partner of PBX proteins.
PREP1 and MEIS/HTH seem to constitute a novel group of homeodomain proteins, since they recognize the atypical DNA sequence TGACAG, and interact with PBX altering the DNA-binding specificity (Chang et al., 1997; Knoepfler et al., 1997; Berthelsen et al., 1998b,c) . This suggests that PREP1 and MEIS might have overlapping functions. The MEIS family proteins seem to have a specific pattern of expression during development. MEIS2 is expressed in the developing nervous system, limbs and face and in various viscera (Cecconi et al., 1997; Oulad-Abdelghani et al., 1997) . Conversely, we have here shown by immunohistochemical experiments, that PREP1 is expressed ubiquitously in the embryo.
At all stages of development analysed, Prep1 is coexpressed with its functional partner, Pbx, and we find PREP1-PBX complexes in mouse embryos from at least 7.5 d.p.c. The nature of the PBX family isoform complexed with PREP1 changes throughout development. Of the Pbx genes, Pbx1 has been found to be expressed at high level in foetal and adult brain, while Pbx2, and to a lesser extent Pbx3, mRNA is present in different foetal tissues in around 20-d.p.c. embryos (Monica et al., 1991; Redmond et al., 1996) . Indeed, we find that PREP1 is complexed with PBX1 and PBX2 during embryogenesis, but not with PBX3. Likely, the levels of PBX3 proteins are too low to be detected over PBX1 and PBX2.
During gastrulation and organogenesis in vertebrate embryos, the HOX proteins have the important role in establishing the basic body plan (Krumlauf, 1994) . The interac-tion of PBX with PREP1 may interfere with or modify the regulation of HOX activity. The possibility that PREP1 interferes with HOX activity has been demonstrated, based on the in vitro formation of a ternary PREP1-PBX-HOXB1 complex, and on transient transfection experiments in which the PBX1-HOXB1-dependent transactivation of the autoregulatory element (ARE) of the HOXB1 promoter, is super-activated by PREP1 (Berthelsen et al., 1998b) .
The early expression of PREP1 might be associated with the regulation of HOX genes during the dynamic cellular processes happening in early development. The demonstration that PREP1, PBX1 and HOXB1 are present in the same parts of the embryo in vivo, would further support a role of PREP1 in regulating PBX-HOX activity. Regional diversity in the hindbrain is achieved through a process of segmentation, the formation of rhombomeres, early during neural development . HOXB1 is specifically expressed in rhombomere 4 in both the headfold and the maintenance stage, until the disappearance of rhombomeres (Studer et al., 1996) . We have found by immunohistochemical analysis that HOXB-1, PBX and PREP1 are all co-localized in rhombomere 4. The co-localization of the three molecules is in keeping with the formation of a ternary complex in vivo.
Could a ubiquitously expressed PREP1 add to the spatial regulation by HOX proteins? Since PREP1 works together with PBX, the choice of PBX partner, which we observe changes during development, could lead to differential activity of the complex, as is the case of PBX with HOX (Di Rocco et al., 1997) . Second, the HOX genes themselves are spatially expressed (Krumlauf, 1994) , and third, the activity of PREP1 on HOX-PBX probably depends on the DNA target site used, with the possibility of behaving either as an activator or inhibitor. Fourth, when present together, PREP1 and MEIS are probably competing for the PBX proteins, adding yet another level of regulation, although we do not know whether MEIS and PREP1 have diverse functions. And fifth, it is possible that PREP1, like MEIS, can directly interact with the posterior HOX proteins, regulating these independently of the PBX proteins (Shen et al., 1997) .
Finally, PREP1-PBX complexes most likely have functions outside of HOX-regulation, e.g. as a transcription involved in the regulation of several genes in adults (Berthelsen et al., 1996) . A new view based on recent data (see Mann and Affolter, 1998) , is that PREP1-PBX, and HTH/MEIS-PBX, are omnipresent complexes with several activities, of which one is to act together with HOX-proteins. For example, in Drosophila, EXD and HTH dictate antennal development without involvement of known Hox genes (Casares and Mann, 1998) . This view is strongly supported by our data, since we always find the presence of PREP1-PBX complexes, both during embryogenesis and in adult tissues. Once we fully understand the molecular function of the PREP1-PBX complex, the findings that the subunit composition of PREP1-PBX complexes changes throughout development, and is tissue-type dependent in adult mice, may advance our knowledge of the regulatory properties of this complex. Specific functional experiments are now required to demonstrate the role of PREP1-PBX complexes, both alone, and with respect to HOX regulation.
Materials and methods
Cloning of murine Prep1
Degenerated primers: primerA, primerD, primer HD-F, have been designed using as a trail the homeobox sequence of human Prep1 (Berthelsen et al., 1998c) employing the more frequent murine codons, and have been used to amplify by RT-PCR (30′ 95°C, 50°C 1', 72°C 30′ for 35 cycles), a fragment of 50 bp from first strand NIH3T3 cDNA, in a 50 ml reaction containing: 10ng cDNA, 100 pmol of each primer, 0.2 mM dNTP, 1 unit Taq polymerase (Boehringer-Mannheim). The first strand cDNA has been prepared from NIH3T3 polyAplus RNA by cDNA synthesis kit (Pharmacia) using an anchored poly-dT primer.
The resulting fragment was cloned directly into the Tvector (pBluescript); from its sequence we constructed the nested primers F1 and F2 (Fig. 1A ). Using these with a primer containing a sequence of the anchor part of the poly-dT primer in a 3′ RACE experiment (Frohman et al., 1988) , yielded a fragment of 300 bp which was cloned into T-vector. This fragment was used for screening a murine embryo cDNA library (14.5 d.p.c.; Stratagene).
Primer list:
EMSA
Electrophoretic Mobility Shift Assay (EMSA) were done essentially as described (Berthelsen et al., 1996) . Briefly, 5-10 mg of nuclear extract were incubated with 2 mg poly-dIdC in 9 ml H2K150 (25 mM HEPES pH 7.9, 20% glycerol (v/ v), 150 mM KCl, 1 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, 0.5 mM PMSF) on ice for 10 min. 20 000 cpm 32 P-labelled oligonucleotide were added together with the unlabelled oligonucleotide, or antibody when required, and left at room temperature for 10 min. The reactions were analysed by 5% PAGE in 0.5 × TBE.
The oligonucleotide probes used in EMSA were: o-1:
CACCTGAGAGTGACAGAAG-GAAGGCAGGGAG; o1m: CACCTGAGATTCACAGAAGGAAGGCAGGGAG; and o-sp1: GATCGATCGGGGCGGGGCGATC. Only upper strand sequences of the oligonucleotides are shown.
Synthesis of probes for Prep1 RNAase protection
For RNAase protection analysis, mouse Prep1 cDNA (from position 1052 to 1263) was cloned into pBluescript (Stratagene). Prep1 antisense RNA was produced using Riboprobe Kit (Promega) in the presence of 32P-GTP (Amersham). The labelled transcripts were purified by acrylamide gel electrophoresis.
RNA extraction and RNAase protection assay was performed following standard methods.
Mice, tissue and embryo sections
Adult CD1 female mice were caged with males in the evening and monitored for the appearance of a vaginal plug the next morning. Pregnant females were sacrificed on days 7-17 p.c. Embryos were dissected from the maternal tissues, and subsequently snap-frozen in liquid nitrogen (for RNA extraction), or fixed with 4% paraformaldehyde in PBS (pH 7.4), overnight at 4°C. Fixed tissues were dehydrated, paraffin embedded, and sectioned at 6 mm. All animal handling conformed to the regulation issued by the ethics committee of the H.S. Raffaele.
Immunohistochemistry
Immunohistochemistry on 6 mm paraffin sections was performed with Vectastain peroxidase staining kit (Vector Laboratories, USA) according to manufacturer's instruction. For epitope unmasking, sections were treated for 10 min at 37°C with 0.1 trypsin, and subsequently blocked in blocking solution (90% FCS and 1% BSA). Incubation with the primary and secondary antibody was performed in 10% foetal calf serum (FCS) and 1% BSA.
Immunoblotting
Polyclonal rabbit antibodies against PREP-1 are previously described (Berthelsen et al., 1998b) . Antibodies against PBX protein were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The antibody aPBX1/2/3 recognizes a common C-terminal peptide in all of the 50 kD splice variants of PBX1, -2 and -3. The antibodies aPBX1, aPBX2, and aPBX3 recognize a peptide in the N-terminus of the respective proteins and are type specific. The aPBX1 is reactive with PBX1A and PBX1B, and aPBX3 antibody recognizes PBX3A and PBX3B. Antibodies against HOXB-1 are affinity-purified polyclonal rabbit antibodies, raised against a fusion GST-HOXB1 proteins (BABCO, USA).
The nuclear extracts were separated by 8% SDS-PAGE and blotted to PVDF membrane (Millipore) in a semi-dry blotting apparatus. The immunological analysis was performed with PREP1 antiserum (1:8000 dilution) or PBX antibodies (1:1000 dilution), using the BM Chemoluminescent Kit (Boeringher-Mannheim) according to supplier's manual.
